The insulin-sensitizing hormone, adiponectin, belongs to the expanding C1q/TNF (tumour necrosis factor) family of proteins. We recently identified a family of adiponectin paralogues designated as CTRP (C1q/TNF-related protein) 1-7, and in the present study describe CTRP10. In the present study, we show that CTRP1, CTRP2, CTRP3, CTRP5 and CTRP7 transcripts are expressed predominantly by adipose tissue. In contrast, placenta and eye expressed the highest levels of CTRP6 and CTRP10 transcripts respectively. Expression levels of CTRP1, CTRP2, CTRP3, CTRP6 and CTRP7 transcripts are up-regulated in 8-week-old obese (ob/ob) mice relative to lean controls. Treatment of mice with a PPAR-γ (peroxisome-proliferator-activated receptor-γ ) agonist, rosiglitazone, increased the expression of CTRP1 and decreased CTRP6 transcript levels. All CTRPs are secreted glycoproteins when expressed in mammalian cells. CTRP1, CTRP2, CTRP3, CTRP5 and CTRP6 circulate in the blood and are potential endocrine hormones; their serum levels vary according to the sex and genetic background of mice. Importantly, serum levels of CTRP1 and CTRP6 are increased in adiponectin-null mice. Like adiponectin, all secreted CTRP proteins form trimers as their basic structural units. CTRP3, CTRP5, CTRP6 and CTRP10 trimers are further assembled into higher-order oligomeric complexes via disulfide bonding mediated by their N-terminal cysteine residues. Besides forming homo-oligomers, CTRP1/CTRP6, CTRP2/CTRP7 and adiponectin/CTRP2 are secreted as heterotrimers, thus providing a mechanism to potentially generate functionally distinct ligands. Functional characterization of one such family member, CTRP1, showed that it specifically activates Akt and p44/42-MAPK (mitogen-activated protein kinase) signalling pathways in differentiated mouse myotubes. Moreover, injection of recombinant CTRP1 into mice significantly reduced their serum glucose levels. Thus at least CTRP1 may be considered a novel adipokine. In summary, these molecular, biochemical and functional data provide an important framework to further address the physiological functions and mechanisms of the action of this family of secreted glycoproteins in normal and disease states.
INTRODUCTION
Adipose tissue is an active endocrine organ that expresses and secretes a variety of proteins that include adiponectin, resistin, leptin, IL (interleukin)-1β, IL-6, TNFα (tumour necrosis factor α), MCP-1 (monocyte chemoattractant protein-1), adipsin and PAI-1 (plasminogen-activator inhibitor-1) [1] . Collectively, these adipocyte-secreted proteins are termed adipokines. In the context of metabolism, these adipokines play major roles in regulating whole-body glucose and lipid metabolism by affecting directly or indirectly (via modulating inflammatory responses) insulin sensitivity in the liver, muscle and adipose tissue [1] . The hypothalamus region of the brain is also a target organ for leptin and adiponectin [2] .
One of the most intensely studied adipokines is Acrp30/adiponectin whose expression is almost exclusively restricted to adipocytes [3] [4] [5] . The transcript and protein levels of adiponectin are paradoxically down-regulated in conditions of obesity and diabetes, both in animal models and in humans [4, 6] . Molecular mechanisms that underlie reduced adiponectin expression despite increased adiposity remain largely unknown, although TNFα secreted by adipocytes and the infiltrated macrophages are a likely cause for adiponectin down-regulation [7] . Reduction in serum levels of adiponectin is associated with insulin resistance [8] , whereas increased levels of serum adiponectin due to weight loss, calorie restriction or TZD (thiazolidinedione) treatment correlates with increased insulin sensitivity [9, 10] . In vitro and in vivo studies using recombinant proteins, adenovirus-mediated overexpression, transgenic and knockout mice collectively demonstrate that the insulin-sensitizing effects of adiponectin are due to its ability to increase glucose uptake and fatty acid oxidation in muscle [11, 12] , while potently suppressing glucose production in liver [13] .
We previously described seven highly conserved paralogues of adiponectin designated as CTRP (C1q/TNF-related protein) 1-7 [14] . All of these proteins share the same modular organization as adiponectin: a signal peptide, a short variable region, a collagen domain and a globular C1q domain. The crystal structure of the adiponectin globular domain strikingly resembles the three-dimensional structure of TNFα [15] . Thus all proteins with the signature C1q domain (∼ 135 amino acids) are now classified within the expanding C1q/TNF protein family [16] . Fruebis and co-workers [17] recently showed that CTRP1 is expressed by vascular smooth muscle cells and recombinant CTRP1 significantly prevents platelet thrombosis in vivo by inhibiting vWF (von Willebrand factor) binding to collagen, thereby blocking collagen-induced platelet aggregation. Similarly to adiponectin, recombinant CTRP2 activates AMPK (AMPactivated protein kinase) in muscle cells, resulting in increased glycogen deposition and enhanced fatty acid oxidation [14] . CTRP3, also known as CORS26/cartducin, is expressed by chrondrocytes among other tissues and recombinant CTRP3 stimulates proliferation of chondrogenic precursor cells by activating ERK1/2 (extracellular-signal-regulated kinase 1/2) and Akt signalling pathways [18] . Among the tissues that express CTRP5 is the retinal pigment epithelium. Mutations in this gene cause late-onset retinal macular degeneration in humans [19] . In a screen to discover host genes that can limit ASFV (African Swine Fever virus) that causes acute haemorrhagic fever in domestic pigs, six cDNA clones, one of which is CTRP6/C1qTNF6, were identified that are required for the replication of ASFV in HeLa and HT144 cells [20] . The mechanism by which CTRP6 promotes ASFV replication is not known. The natural target cells of all the CTRPs and their functions are currently under investigation.
Several groups have recently generated adiponectin-null mice [21] [22] [23] . With one exception [21] , all adiponectin-null mice developed insulin resistance when maintained under a high-fat diet [22, 23] ; however, these mice have mild or no detectable metabolic abnormality when maintained under a normal chow diet, suggesting that under this condition other proteins, such as CTRPs, may compensate for the absence of adiponectin. This prompted us to investigate the relative abundance of CTRP transcripts in adipose tissue and whether these are serum proteins and hence may function as endocrine hormones. In the present study, we show that CTRP1, CTRP2, CTRP3, CTRP5 and CTRP7 transcripts are expressed predominantly by adipose tissue. Factors such as gender, age, genetic backgrounds of mice and TZD drug treatment affect the relative expression levels of CTRP transcripts. Most CTRPs circulate in the blood with levels varying according to the sex and genetic background of mice, thus they are potential endocrine hormones. We found that the serum levels of CTRP1 and CTRP6 are increased in adiponectin-null mice. All CTRPs form trimers as their basic structural units and some are further assembled into higher-order oligomeric complexes involving N-terminal cysteine residues. Remarkably, CTRP1/CTRP6, CTRP2/CTRP7 and adiponectin/CTRP2 can also be secreted as heterotrimers in co-transfected cells. Functional characterization of one such family member, CTRP1, showed that it activates Akt and p44/42 MAPK (mitogen-activated protein kinase) signalling pathways in differentiated myotubes and significantly lowered serum glucose levels when injected into mice. Collectively, these molecular, biochemical and functional data provide us with a framework to further evaluate the physiological functions and mechanisms of action of CTRPs using molecular, cellular and in vivo approaches.
MATERIALS AND METHODS

Identification and cloning of CTRP10
A search for adiponectin-like proteins in the NCBI GenBank ® databases identified another novel protein different from the seven recently identified adiponectin paralogues designated as CTRP1-7 [14] . We designated our novel adiponectin paralogue as CTRP10. The GenBank ® accession numbers for mouse and human CTRP10 are AAY21934 and EAW95208 respectively. Based on the sequences of overlapping EST (expressed sequence tag) clones corresponding to CTRP10, a PCR strategy was used to clone the entire coding region of CTRP10.
DNA constructs
C-terminal FLAG-and HA (haemagglutinin)-tagged full-length adiponectin, CTRP1, CTRP2, CTRP3, CTRP5, CTRP6, CTRP7 and CTRP10 were generated by PCR and cloned into the mammalian expression vector pCDNA3.1 (Invitrogen). All constructs were verified by DNA sequencing.
A site-directed mutagenesis kit from Stratagene was used to mutate cysteine residues to alanine found at the N-termini of each CTRP preceding their respective globular C1q domain (refer to Figure 6C ). Adiponectin Cys refers to the C39A mutant; CTRP1 Cys refers to the C73A/C76A/C77A/C141A mutant; CTRP2 Cys refers to the C36A/C141A/C143A mutant; CTRP3 Cys refers to the C39A/C42A/C43A mutant; CTRP5 Cys refers to the C28A/C98A mutant; CTRP6 Cys mutant refers to the C44A/C47A/C48A/C125A mutant; CTRP7 Cys mutant refers to the C34A/C139A/C141A mutant; CTRP10 Cys refers to the C29A/C33A mutant. Each of the cysteine residues was mutated sequentially or in tandem to alanine using a PCR-based site-directed mutagenesis kit (Stratagene). DNA templates used in the PCR mutagenesis were C-terminal FLAG-tagged adiponectin, CTRP1, CTRP3, CTRP5, CTRP6 and CTRP10 cloned into the pCRII TOPO vector (Invitrogen). Once the mutagenesis had been verified by DNA sequencing, adiponectin, CTRP1 Cys, CTRP2 Cys, CTRP3 Cys, CTRP5 Cys, CTRP6 Cys, CTRP7 Cys and CTRP10 Cys inserts were excised with EcoRI from the pCRII TOPO vector and cloned into the EcoRI site of the mammalian expression vector pCDNA3.1 (Invitrogen). Expression of untagged, or FLAG-or HA-tagged CTRP2 and CTRP7 constructs in HEK (human embryonic kidney)-293T cells did not always result in consistently robust secretion of the expressed proteins compared with other CTRP constructs. Supernatants from transfected HEK-293T cells containing CTRP2 or CTRP7 proteins generally need to be concentrated. To circumvent this issue, we also generated FLAG-and HA-tagged CTRP2 and CTRP7 where we replaced their native leader sequences with that of adiponectin. Results shown in Figures 7(C) and 8 were obtained using these modified CTRP2 and CTRP7 constructs.
A three-step PCR approach was used to generate CTRP3, CTRP5 and CTRP10 that lack the entire collagen domain (referred to as globular g-CTRP3, g-CTRP5 and g-CTRP10). CTRP3 Cys, CTRP5 Cys and CTRP10 Cys cloned into the pCRII TOPO vector were used as PCR templates. First, DNA sequences that correspond to the signal peptides and variable N-terminal regions of CTRP3 (residues 1-44), CTRP5 (residues and CTRP10 (residues 1-75) were amplified out and the PCR products were purified. Secondly, DNA sequences that correspond to the entire globular domains of CTRP3 (residues 114-246), CTRP5 (residues 99-243) and CTRP10 (residues 120 -287) were amplified out and the PCR products were purified. Thirdly, using PCR products (having overlap at the short variable region) from the first and second steps as a DNA template, we generated constructs encoding g-CTRP3, g-CTRP5 and g-CTRP10. Once these constructs were verified by DNA sequencing, g-CTRP3, g-CTRP5 and g-CTRP10 inserts were excised with EcoRI from the pCRII TOPO vector and cloned into the EcoRI site of the pCDNA3.1 vector.
Antibodies
A mouse monoclonal anti-FLAG M2 antibody was obtained from Sigma. A rat anti-HA antibody (clone 3F10) was obtained from Roche. Goat anti-adiponectin, goat anti-CTRP1/C1qTNF1, goat anti-CTRP3/C1qTNF3 and goat anti-CTRP5/C1qTNF5 antibodies were obtained from R&D Systems. Rabbit polyclonal antibodies specific for mouse CTRP2 were generated as described previously [14] . For the present study, we also generated rabbit polyclonal antibodies against full-length CTRP6 and CTRP10, and the globular domain of CTRP1. Recombinant mouse g-CTRP1, which corresponds to its C-terminal globular domain (amino acids 142-281), was produced by cloning the truncated form of the CTRP1 construct into the pTrcHis TOPO vector (Invitrogen) and maintained in Escherichia coli strain BL21(DE3)pLysE. The N-terminal His 6 -tagged fusion protein was produced in E. coli, isolated from the lysed bacterial pellet using a nickel-affinity column with Probond resin (Invitrogen), eluted with imidazole-containing buffer [50 mM NaPO 4 (pH 7.0), 500 mM NaCl and 250 mM imidazole] and dialysed against PBS. Detoxi-Gel endotoxin-removing gel (Pierce) was used to remove potential endotoxin contaminants. Recombinant FLAG-tagged CTRP6 and CTRP10 were produced and purified from the supernatants of transfected HEK-293T cells. Purified proteins were dialysed against 20 mM Hepes buffer (pH 8.0) containing 135 mM NaCl in a 10 kDa cut-off Slide-A-Lyzer dialysis cassette (Pierce). Rabbit polyclonal antibodies directed at purified recombinant g-CTRP1, CTRP6 and CTRP10 were produced by immunizing NZW (New Zealand White) rabbits as previously described [14] . Sera were collected and tested for their ability to recognize HA-tagged CTRP1, CTRP6 and CTRP10 found in the supernatants of transfected HEK-293T cells.
Animals
C57BL/6, BALB/c, 129SvJ, FVB, DBA/2, AKR mice, ob/ob and their lean controls were all obtained from The Jackson Laboratory. Adiponectin-null mice [23] were kindly provided by Dr Iichiro Shimomura (Department of Metabolic Medicine, Graduate School of Medicine, Osaka University, Osaka, Japan). All animal protocols and experiments were approved by the Massachusetts Institute of Technology animal care and use committee.
Isolation of primary adipocytes and stromal cells from adipose tissue
Epididymal fat pads from ten 8-week-old C57BL/6 mice were removed, minced, pooled together and digested with collagenase (2 mg/g of tissue) at 37
• C for 1 h. Digestions were stopped by adding DMEM (Dulbecco's modified Eagle's medium) containing 10 % (v/v) FBS (foetal bovine serum) and filtered through a 100 μm hole size mesh cell strainer (BD Falcon) to remove undigested tissue. The collected cell suspension was incubated for 10 min at room temperature (25
• C) or until adipocytes had floated to the top. The upper phase contained mature adipocytes, whereas the lower phase contained stromal/vascular cells. Primary adipocytes were collected from the floating cell layer, washed once with DMEM to remove collagenase and centrifuged at 180 g for 5-10 min. Total RNAs were extracted from purified primary adipocytes with tri-reagent (Molecular Research Center). The lower-phase layer that contained stromal/vascular cells was centrifuged at 100 -200 g for 5 min, resuspended in DMEM containing 10 % (v/v) FBS, and filtered through a 25-70 μm pre-wet cell strainer (BD Falcon). The filtrates were washed once with DMEM and resuspended in erythrocyte lysis buffer (ammonium chloride solution; Stem Cell Technologies) at room temperature for 10 min. Cells were centrifuged at 100 g for 10 min and the supernatants were removed. Total RNA from stromal/vascular cells were extracted with tri-reagent. Potential DNA contaminants were removed by RNase-free DNase I (Ambion).
Quantitative PCR analysis of CTRP expression in mouse tissues
A quantitative real-time PCR approach was used to screen multiple tissue cDNA panels (Clontech), RNA isolated from adipose tissue of 8-and 12-week-old ob/ob mice and their lean controls, and RNA isolated from primary adipocytes and stromal cells for the presence of CTRP transcripts. ABI Prism Primer Express 2.0 software was used to design the following PCR primers: CTRP1 forward, 5 -TCCGAGCTCTGTTGACATGC-3 ; CTRP1 reverse, 5 -AAAGATTGACCAGCCCCTGG-3 ; CTRP2 forward, 5 -TCCTGGGTACTCTTGGCCTG-3 ; CTRP2 reverse, 5 -AAGCATTGGGTCAGCAGCA-3 ; CTRP3 forward, 5 -CATCTGGTGGCACCTGCTG-3 ; CTRP3 reverse, 5 -TGA-CACAGGCAAAATGGGAG-3 ; CTRP5 forward, 5 -TGGA-GTCTGAGCCTCCG-3 ; CTRP5 reverse, 5 -AGAAGGGCAA-GAAGTGGCCT-3 ; CTRP6 forward, 5 -ATCACAGACATG-GGCCAAGG-3 ; CTRP6 reverse, 5 -TCAACTCACAGAC-CCCGGAC-3 ; CTRP7 forward, 5 -GACGAGTCTTGCCA-TCTGTGC-3 ; CTRP7 reverse, 5 -TTAGCCTGATTGGCCCG-AG-3 ; CTRP10 forward, 5 -CGGCTTCATGACACTTCCTGA-3 ; CTRP10 reverse, 5 -AGCAGGGATGTGTCTTTTCCA-3 ; 18S RNA forward, 5 -GCAATTATTCCCCATGAACG-3 ; 18S RNA reverse, 5 -GGCCTCACTAAACCATCCAA-3 ; GAPDH (glyceraldehyde-3-phosphate dehydrogenase) forward, 5 -GGA-GCGAGACCCCACTAACA-3 ; and GAPDH reverse, 5 -ACATACTCAG CACCGGCCTC-3 . The default PCR protocol was used on an Applied Biosystems Prism 7000 Sequence Detection System. Epididymal fat pad cDNA from ob/ob mice or their lean controls (8-and 12-week-old), and primary adipocytes and stromal cells were synthesized from 2 μg of total RNA and 200 ng of random hexamers using the Superscript II RNase H-Reverse Transcriptase protocol (Invitrogen). For quantitative PCR, samples were analysed in triplicate 25 μl reaction volumes (10 ng of cDNA, 900 nmol of primer, 12.5 μl of Master Mix and water) according to the standard protocol provided in the SyBR ® Green PCR Master Mix protocol (Applied Biosystems).
HEK-293T cell transfection
C-terminal FLAG-or HA-tagged adiponectin, CTRP1, CTRP2, CTRP3, CTRP5, CTRP6, CTRP7, CTRP9, CTRP10, adiponectin Cys, CTRP1 Cys, CTRP3 Cys, CTRP5 Cys, CTRP6 Cys and CTRP10 Cys constructs were used in the present transfection studies. HEK-293T cells were cultured in DMEM containing 10 % (v/v) FBS supplemented with 2 mM Lglutamine, 100 units/ml penicillin and 100 μg/ml streptomycin. Transient transfections were performed in HEK-293T cells using Lipofectamine TM 2000 reagent according to the manufacturer's protocol (Invitrogen). At 24 h after transfection, cells were washed and then cultured in serum-free Opti-MEM I medium (Invitrogen) supplemented with vitamin C (0.1 mg/ml) for another 24 -48 h before the conditioned media were collected for Western blot analysis using an anti-FLAG M2 or an anti-HA antibody. A sample of the conditioned media from FLAG-tagged adiponectin, CTRP1, CTRP2, CTRP3, CTRP5, CTRP6, CTRP7 and CTRP10 transfectants was also incubated with PNGase F (peptide Nglycosidase F; New England Biolabs) to determine the presence of N-linked glycans.
Detection of a carbohydrate moiety
Approx. 50 ng of purified recombinant FLAG-tagged CTRP3, CTRP5, CTRP10, g-CTRP3, g-CTRP5 and g-CTRP10 were each separated on duplicate SDS/PAGE gels and transferred on to nitrocellulose membranes. One blot was probed with an anti-FLAG antibody to show the presence of FLAG-tagged proteins. A duplicate blot was used in an ECL ® (enhanced chemiluminescence) glycoprotein detection protocol according to the manufacturer's protocol (Amersham Bioscience). Briefly, any carbohydrate moiety on recombinant proteins blotted on to the nitrocellulose membrane was oxidized with sodium metaperiodate and the oxidized sugar group was labelled with biotin using biotin-hydrazide. The presence of a carbohydrate moiety was then detected using streptavidin conjugated to HRP (horseradish peroxidase) and the chemiluminescence substrate (Millipore).
Gel-filtration chromatographic analysis
Serum from C57BL/6 mice (100 μl) or supernatants (500 μl) from transfected HEK-293T cells containing FLAG-tagged adiponectin, CTRP1, CTRP2, CTRP3, CTRP5, CTRP6, CTRP10, CTRP1 Cys, CTRP3 Cys, CTRP5 Cys, CTRP6 -Cys, CTRP10 Cys, adiponectin-FLAG/CTRP2-HA, CTRP2-FLAG/CTRP7-HA, CTRP1-FLAG/CTRP6-HA were sequentially loaded on to anÄKTA FPLC and fractionated through a 10/30 Superdex 200 column (GE Healthcare) in PBS. The collected fractions were subjected to Western blot analysis using anti-FLAG, anti-CTRP2, anti-CTRP3, anti-CTRP5 or anti-CTRP6 antibodies.
Co-immunoprecipitation and Western blot analysis
C-terminal FLAG-or HA-tagged adiponectin, CTRP1, CTRP2, CTRP3, CTRP5, CTRP6, CTRP7, CTRP9 and CTRP10 were transfected individually or in combination into HEK-293T cells. Aliquots of the collected supernatants (250-350 μl) combined with 500 μl of IP buffer [150 mM Tris/HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA and 1 % (v/v) Triton X-100] were subjected to immunoprecipitation using either 10 μl of EZview TM anti-FLAG affinity gel (Sigma) or anti-HA affinity matrix (Roche). Samples were rotated for 4 h at 4
• C, washed four times with IP buffer, resuspended in 60 μl of NuPAGE sample buffer (Invitrogen) containing reducing agent [DTT (dithiothreitol)], heated at 90
• C for 10 min, and separated on NuPAGE (10 % gel) (Invitrogen). Proteins from gels were transferred on to 0.2 μm Protran BA83 nitrocellulose membranes (Whatman), blocked in 5 % (w/v) non-fat dried skimmed milk for 1 h, and probed with a mouse anti-FLAG ( We used the Molecular Analyst (Bio-Rad) or IMAGEJ software (http://rsb.info.nih.gov/ij) to quantify our Western blot results.
Mixing experiments
We performed mixing experiments to evaluate whether CTRP1/ CTRP6, CTRP2/CTRP7 and adiponectin/CTRP2 interactions occurred during their biosyntheses or whether they associate as hetero-oligomers after proper folding and secretion. Conditioned media from transfected HEK-293T cells containing adiponectin-FLAG, CTRP2-HA, CTRP7-FLAG, CTRP1-FLAG and CTRP6-HA were harvested. Conditioned media from co-transfected HEK-293T cells containing co-expressed CTRP1-FLAG/CTRP6-HA, CTRP2-FLAG/CTRP7-HA and adiponectin-FLAG/CTRP2-HA were also harvested. Prior to immunoprecipitations, supernatants containing CTRP1-FLAG was mixed with CTRP6-HA, CTRP2-FLAG was mixed with CTRP7-HA, and adiponectin-FLAG was mixed with CTRP2-HA. The mixtures were allowed to rotate at 4
• C for 4 h or overnight (16-20 h) . Immunoprecipitations were performed on supernatants containing a single overexpressed protein, a mixture of two proteins expressed separately or medium containing co-expressed proteins using 10 μl of EZview TM anti-FLAG affinity gel. Samples were washed four times with IP buffer, resuspended in 60 μl of NuPAGE sample buffer containing reducing agent (DTT), heated at 90
• C for 10 min, and separated on NuPAGE (10 % gel). Proteins from gels were transferred on to 0.2 μm Protran BA83 nitrocellulose membranes. Western blot analysis was carried out as described above using a rat anti-HA (1:2000) antibody.
Production and purification of recombinant CTRP1, CTRP3, CTRP5, CTRP10, g-CTRP3, g-CTRP5 and g-CTRP10
C-terminal FLAG-tagged CTRP1, CTRP3, CTRP5, CTRP10, g-CTRP3, g-CTRP5 and g-CTRP10 were produced and purified from the supernatants of transfected HEK-293T cells. Briefly, 24 h after transfection using Lipofectamine TM 2000 reagent, media were replaced with serum-free Opti-MEM I supplemented with vitamin C (0.1 mg/ml). Supernatants were collected three times, every 48 h, pooled and purified using an anti-FLAG affinity gel according to the manufacturer's protocol (Sigma), and eluted with 150 μg/ml FLAG peptide (Sigma). Purified proteins were dialysed against 20 mM Hepes buffer (pH 8.0) containing 135 mM NaCl in a 10 kDa cut-off Slide-A-Lyzer dialysis cassette.
Generation of retrovirus vectors and infection of 3T3-L1 adipocytes
C-terminal FLAG-tagged CTRP1, CTRP2, CTRP3, CTRP5, CTRP6, CTRP7, CTRP9 and CTRP10 cDNA were subcloned into the MSCV retroviral vector (XZ201) [24] upstream of an IRES-GFP (internal ribosome entry site-green fluorescent protein) sequence. Expression of GFP is therefore proportional to that of the CTRPs [25] . Additionally, expression of GFP allows us to rapidly assess the infection rate. To generate retroviruses, MSCV-CTRP-FLAG vectors were co-transfected with the pCL-ECO vector (expressing ecotropic retroviral structural proteins) into HEK-293T cells and supernatants containing infectious virions were collected and frozen in 1 ml aliquots until use.
3T3-L1 preadipocytes were grown in 10 cm tissue culture plates and infected with retroviruses encoding GFP-or FLAG-tagged CTRP1, CTRP2, CTRP3, CTRP5, CTRP6, CTRP7, CTRP9 and CTRP10 when they were at ∼ 70 % confluence. At 1-2 days after the cells reached confluency, media were replaced with a differentiation cocktail [DMEM supplemented with 10 % (v/v) FBS, 0.25 pM dexamethasone, 0.5 mM methyl-1-isobutylmethylxanthine and 160 pM insulin] and cells were allowed to differentiate for 2 days. On day 3, media were replaced with DMEM supplemented with 10 % (v/v) FBS and 160 pM insulin. After this, media were replaced every 2 days with DMEM supplemented with 10 % (v/v) FBS. On day 7, media were replaced with serum-free Opti-MEM and the supernatants were collected on day 8 for Western blot analysis, immunoprecipitation or gel-filtration chromatographic (FPLC) analysis.
Myotube stimulation
Mouse C2C12 myoblast cells (from A.T.C.C.) were differentiated into myotubes in DMEM containing 2 % (v/v) horse serum. On day 6 or 7 post-differentiation, myotubes were starved for 1-2 h in serum-free DMEM and then stimulated with recombinant CTRP1 (2-4 μg/ml) or control buffer [20 TM 800 (Rockland Immunochemicals) was used as our secondary antibody for the purpose of quantification using the LI-COR Odyssey IR imaging system.
In vivo study
All mice (C57BL/6) aged 8-10-weeks-old were purchased from The Jackson Laboratory and were allowed to acclimatize to the animal facility for at least 1 week. Food was removed for 1-2 h in the morning prior to recombinant protein injection and only drinking water was supplied for the duration of the experiment. Approx. 2 μg/g of body weight of recombinant CTRP1, CTRP5 or the equivalent volume of control buffer [20 mM Hepes (pH 8) and 135 mM NaCl] was injected into mice (n = 6-17) via the intraperitoneal route. Blood glucose levels were measured at zero time (prior to protein injection) and at 2, 4, 5 and 6 h post-injection using a glucometer (BD Pharmingen). Approx. 5 μl of blood was collected from the tip of the mouse tail for blood glucose measurements. In separate experiments, different batches of mice and recombinant CTRP1 were used.
RESULTS
Identification of CTRP10 cDNA
Using the globular C1q domain sequence of adiponectin to screen the NCBI GenBank ® databases, we identified another novel and highly conserved paralogue of adiponectin distinct from the seven paralogues (designated as CTRP1-7) we previously identified [14] . We designated our novel cDNA and its encoded protein CTRP10 (Supplementary Figure S1 at http://www.BiochemJ.org/ bj/416/bj4160161add.htm). Like adiponectin and other CTRPs, CTRP10 is composed of a signal peptide (residues 1-21), a short N-terminal variable region (residues 22-75), a collagen domain with 15 Gly-X-Y repeats (residues 76-120) and a Cterminal globular domain that is homologous with immune complement protein C1q (residues 121-287). Mouse CTRP10 contains four highly conserved cysteine residues: Cys 29 and Cys 224 are located in the C-terminal globular domain. In contrast, the residue that corresponds to Cys 33 in mouse CTRP10 is replaced by a tryptophan residue in human CTRP10. CTRP10 is highly conserved throughout evolution. Mouse CTRP10 and its corresponding human orthologue shared a striking 81 %, 100 % and 100 % amino acid identity in their short Nterminal variable regions, collagen domains and C-terminal globular domains respectively ( Figure 1A) . Similarly, CTRP10 orthologues from the draft genome sequence of dog (Canis familiaris; XP_541006), cow (Bos taurus; XP_595145), pufferfish (Tetraodon nigroviridis; CAG12827) and African clawed frog (Xenopus tropicalis; AAH88035) also showed remarkable conservations in their globular domains, with amino acid identity of 100 %, 100 %, 91% and 86 % with mouse CTRP10 respectively. Four highly conserved residues (Gly 159 , Tyr 161 , Phe 237 and Leu 241 in adiponectin) important in the packing of the protomer's hydrophobic core of C1q/TNF family members [15] are also conserved in CTRP10 ( Figure 1B, arrows) . Both human and mouse CTRP10 genes have similar exon/intron structures ( Figure 1C ). The mouse CTRP10 gene is 2.59 kb in size, consists of two exons and is located on chromosome 1E2.3. The human CTRP10 gene is 2.65 kb in size, consists of two exons and is located on chromosome 2q14.2.
Expression profiles of CTRP1, CTRP2, CTRP3, CTRP5, CTRP6, CTRP7 and CTRP10 transcripts
The expression of adiponectin transcripts is almost exclusively restricted to adipose tissue [3] [4] [5] . Although many tissues expressed low levels of CTRP transcripts, quantitative real-time PCR analysis revealed that adipose tissue was the predominant tissue that expressed CTRP1, CTRP2, CTRP3, CTRP5 and CTRP7 transcripts among the 17 different adult mouse tissues examined (Figure 2A ). Expression levels of CTRP transcripts also varied across four developmental stages (day 7, 11, 15 and 17) of the mouse embryos, with some expressing early (CTRP1 and CTRP6), whereas others were late (CTRP3), during embryogenesis, suggesting that CTRP1, CTRP3 and CTRP6 may have embryonic and post-embryonic functions.
Since normal adipose tissue is composed of mature adipocytes and stromal cells that include preadipocytes, fibroblasts, mature endothelial cells and smooth muscle cells, we sought to determine the cellular source of CTRP1, CTRP2, CTRP3, CTRP5 and CTRP7 transcripts. Although primary adipocytes expressed 20-fold higher levels of adiponectin transcript relative to stromal cells, CTRP1, CTRP2, CTRP3, CTRP5 and CTRP7 transcripts were preferentially expressed by stromal cells ( Figure 2B ). Similar to adiponectin, CTRP3 and CTRP6 also displayed similar gender-biased expression profiles with females expressing 2-and 5-fold higher levels of the transcript in stromal cells compared with male mice respectively ( Figure 2C ).
Expression of many adipokine genes are dysregulated in obesity and diabetes. Notably, adiponectin expression is significantly down-regulated in adipose tissue of ob/ob mice relative to lean, age-matched controls [4] . Consequently, we examined the expression levels of CTRP transcripts in the adipose tissues (epididymal fat pads) harvested from ob/ob mice and their lean controls. Expression levels of adiponectin, CTRP1, CTRP2, CTRP6, CTRP7 and CTRP10 transcripts were significantly upregulated in 8-week-old ob/ob mice relative to their age-matched controls ( Figure 3A) . In contrast, adiponectin transcript levels were significantly decreased in 12-week-old ob/ob mice relative to their lean controls, whereas CTRP6 transcript levels were increased relative to their lean controls ( Figure 3B ). No significant differences were seen in the expression levels of other CTRP transcripts in 12-week-old ob/ob mice relative to their lean controls.
The TZD class of anti-diabetic drugs ameliorates insulin resistance in part through up-regulation of adiponectin gene expression [9] . We therefore examined whether the TZD compound rosiglitazone had any effect on the expression levels of CTRP transcripts in vivo. Administration of rosiglitazone daily for 3 weeks at a dose of 15 mg/kg significantly increased the expression of adiponectin and CTRP1, whereas it decreased the expression of CTRP6 transcript levels in adipose tissue ( Figure 3C ). At this dose and length of treatment, rosiglitazone had no appreciable effect on the transcript levels of CTRP2, CTRP3, CTRP5, CTRP7 and CTRP10. All CTRPs possess signal peptides at their N-termini and hence are predicted to be secreted proteins. When full-length constructs encoding C-terminal FLAG-tagged CTRP1, CTRP2, CTRP3, CTRP5, CTRP6, CTRP7 and CTRP10 were transfected into HEK-293T cells, the resultant proteins were readily detected in the supernatants of transfected cells, confirming that CTRP1, CTRP2, CTRP3, CTRP5, CTRP6, CTRP7 and CTRP10 are secreted proteins ( Figure 4A ). The deduced amino acid sequences of CTRP3, CTRP5 and CTRP10 do not contain any potential N-linked glycosylation sites that conform to the consensus motif N-X-(S/T). In contrast, CTRP1, CTRP2 and CTRP7 have one potential N-linked glycosylation site, whereas CTRP6 has two potential N-linked glycosylation sites. As expected, when treated with PNGase F, no shift in the apparent molecular mass of CTRP3, CTRP5, CTRP7 and CTRP10 was observed on SDS/PAGE, thus confirming the absence of N-linked glycans on these proteins ( Figure 4A, lanes 7-10 and 13-16 ). In contrast, treatment with N-glycanase resulted in a shift in the apparent molecular masses of CTRP1, CTRP2 and CTRP6 proteins ( Figure 4A, lanes 3-6 and 11-12 ), confirming that those N-linked glycosylation sites found on these proteins are functional and contain N-linked glycans. Although CTRP3, CTRP5 and CTRP10 proteins do not contain N-linked glycans, their apparent molecular masses (30, 28 and 37 kDa respectively) in SDS/PAGE are greater than their predicted molecular masses (24, 24 and 27 kDa respectively), suggesting the presence of carbohydrate moieties. Therefore we used a glycoprotein detection method to label all sugar groups on CTRP3, CTRP5, CTRP10, g-CTRP3, g-CTRP5 and g-CTRP10 and detected the presence of biotin-labelled sugar groups with streptavidin-HRP and chemiluminescence substrates. This allowed us to demonstrate that CTRP3, CTRP5 and CTRP10 are secreted glycoproteins ( Figure 4C, lanes 1, 3 and  5 ). g-CTRP5 and g-CTRP10 that lack the entire collagen domain also contain sugar groups that can be specifically labelled with biotin and detected with streptavidin-HRP ( Figure 4C , lanes 4 . All PCR results were first normalized to their corresponding 18S RNA levels. The relative expression levels of CTRPs in primary adipocytes were normalized to that of SVF, which was set as 1.0. (C) Expression levels of CTRP transcripts in SVF between male and female mice were compared. For adiponectin, its expression levels in primary adipocytes were compared between male and female mice. All PCR results were first normalized to their corresponding 18S RNA levels. The relative expression levels of CTRPs in female were normalized to that of male mice, which was set as 1.0. All of these results were obtained from tissues or cells pooled from multiple mice and thus represent a single experiment. and 6), thus suggesting that some or all of the sugar groups on CTRP5 and CTRP10 are located on their N-terminal variable regions and/or C-terminal globular domains. In contrast, CTRP3, but not g-CTRP3, contained sugar groups that can be specifically labelled with biotin and detected with streptavidin-HRP ( Figure 4C, lanes 1 and 2) , suggesting that all the sugar groups on CTRP3 are localized to its collagen domain. The types of carbohydrate attached to these proteins remain to be determined.
We next investigated whether CTRPs circulate in the mouse serum. This information would indicate whether CTRPs act in vivo in an autocrine, paracrine and/or endocrine manner. First, we showed that the antibodies we generated against CTRP1, CTRP2, CTRP6, CTRP9 and CTRP10 and the recently available, commercially derived antibodies against CTRP3 and CTRP5 were highly specific for each of the CTRPs (Supplementary Figure S2 at http://www.BiochemJ.org/bj/416/ bj4160161add.htm). Using these CTRP-specific antibodies, we were able to detect the presence of CTRP1, CTRP2, CTRP3, CTRP5 and CTRP6 proteins in the serum ( Figure 5A ). The size of serum CTRP1, CTRP2, CTRP3 and CTRP5 on immunoblots is similar to the size of their respective full-length proteins secreted from transfected cells. In contrast, the size of serum CTRP6 on immunoblots corresponded to its globular head (∼ 25 kDa) rather than the full-length protein (∼ 38 kDa), suggesting that CTRP6 undergoes a proteolytic processing in vivo ( Figure 5A , bottom panel and Supplementary Figure S2) . Purified recombinant CTRP6 can compete out the binding of CTRP6 antibody to the 25 kDa serum protein on immunoblot, thus confirming the specificity of the CTRP6 antibody (results not shown).
Genetic background plays a prominent role in dictating the susceptibility of mice to diet-induced obesity and diabetes [26, 27] . Strikingly, female mice of various genetic backgrounds have significantly different levels of circulating CTRPs (Figures 5A and 5B). Although both male and female mice expressed comparable levels of CTRP5 transcripts, the circulating serum levels of CTRP5 were significantly higher in female compared with male mice ( Figure 5C , panel 5 and 5D), suggesting a potential posttranscriptional regulation of CTRP5 mRNA. We also evaluated the serum levels of various CTRPs in adiponectin-null mice and found that the serum levels of CTRP1 and CTRP6 were increased in the absence of adiponectin ( Figures 5E and 5F ).
CTRP1, CTRP2, CTRP3, CTRP5, CTRP6 and CTRP10 form higher-order oligomeric complexes
All C1q/TNF family proteins studied to date form trimers as their basic structural units and may be further assembled into higherorder oligomeric complexes via intermolecular disulfide bonding [16] . Adiponectin exists as trimers, hexamers and HMW (highmolecular-mass) oligomers of 18 units with distinct biological properties [28] [29] [30] . To address whether CTRP1, CTRP2, CTRP3, CTRP5, CTRP6 and CTRP10 are also assembled into higherorder structures, we performed gel-filtration chromatographic (FPLC) analysis on supernatants collected from transiently transfected HEK-293T cells. Because both adiponectin and CTRPs are reasonably similar in size and all have a globular head with a relatively rigid collagen triple helical stalk, we used the FPLC profile of adiponectin ( Figure 6A , panel 1) as our benchmark to evaluate the oligomeric structures of CTRPs in our gel-filtration analysis. Although secreted CTRP1 and CTRP2 formed predominantly trimers ( Figure 6A , panels 2 and 3), secreted CTRP3, CTRP5, CTRP6 and CTRP10 formed trimers and higher-order oligomers that presumably corresponded to hexamers and HMW oligomers ( Figure 6A, panels 4-7) . To investigate the higher-order structures of CTRPs in vivo, we performed gel-filtration analysis on mouse serum. The majority of the CTRP3 existed as HMW oligomers ( Figure 6B, panel 2) , whereas CTRP2 and CTRP5 existed mostly as trimers in serum ( Figure 6B, panels 1 and 3) . In contrast, the globular form of serum CTRP6 existed in two distinct oligomeric forms ( Figure 6B, panel  4) , but its precise oligomeric structure cannot be resolved in the present study. Adiponectin and all CTRPs have a variable number of cysteine residues located in their N-termini preceding their globular domains ( Figure 6C ). These cysteine residues are presumed to participate in intermolecular disulfide bonding. Site-directed mutagenesis revealed that Cys 39 is required for adiponectin to form hexamers and HMW oligomers [29, 31] (Figure 6D, panel  1) . Similarly, when all of the cysteine residues located in the Ntermini of CTRP1, CTRP3, CTRP5, CTRP6 and CTRP10 were mutated to alanine, the secreted proteins formed only trimers, but not higher-order oligomeric forms, thus demonstrating that the Nterminal cysteine residues are required for their respective trimers to assemble into higher-order oligomeric complexes ( Figures 6C  and 6D) .
Physical associations between different CTRPs
Members of the C1q/TNF family of proteins are known to form hetero-oligomers [32] [33] [34] . To systematically investigate possible hetero-oligomerization between different CTRPs, we constructed FLAG-and HA-tagged adiponectin, CTRP1, CTRP2, CTRP3, CTRP5, CTRP6, CTRP7, CTRP9 and CTRP10 constructs, co-transfected them in different combinations into HEK-293T cells, and performed co-immunoprecipitations on the secreted proteins found in the supernatants of transfected cells. This allowed us to demonstrate that: (i) all CTRPs form homooligomers; and (ii) CTRP1/CTRP6, CTRP2/CTRP7, adiponectin/CTRP2 and adiponectin/CTRP9 can also be secreted as hetero-oligomers ( Figures 7A-7D and Supplementary Figure S3 at http://www.BiochemJ.org/bj/416/bj4160161add.htm). These associations are specific because, out of the 63 combinations of co-expression, only four combinations resulted in robust and consistent formation of hetero-oligomers despite the fact that all of them were secreted into the conditioned medium of transfected cells. None of the CTRPs in the supernatants associated nonspecifically with the anti-FLAG or anti-HA resins (results not shown). We were also able to co-immunoprecipitate endogenous adiponectin with CTRP2 from the supernatant of differentiated 3T3-L1 adipocytes overexpressing FLAG-tagged CTRP2 (results not shown), thus confirming the adiponectin/CTRP2 association observed in transiently transfected HEK-293T cells. This association is specific because CTRP3, CTRP5, CTRP6, CTRP7 and CTRP10 did not co-immunoprecipitate with adiponectin although they were expressed and secreted into the supernatants of differentiated 3T3-L1 adipocytes (results not shown).
Requirements for CTRP hetero-oligomerization
Although adiponectin exists as trimers, hexamers and HMW oligomers, each of these oligomeric forms are stable and they do not interchange subunits nor interconvert [29, 31] . These observations prompted us to address whether CTRP1/CTRP6, CTRP2/ CTRP7 and adiponectin/CTRP2 associations occurred during their biosyntheses or whether hetero-oligomerization occurred after proper folding and secretion. To do that, we performed experiments mixing supernatants containing individually expressed CTRPs. As shown in Figures 8(A)-8(C) , CTRP1/CTRP6, CTRP2/CTRP7 and adiponectin/CTRP2 hetero-oligomeric complexes co-immunoprecipitated from the supernatants only if they were co-expressed in the same cells. Mixing supernatants containing CTRP1-FLAG with CTRP6-HA, CTRP7-FLAG with CTRP2-HA or adiponectin-FLAG with CTRP2-HA, did not result in co-immunoprecipitation, consistent with the notion (A) Gel-filtration chromatographic analyses of FLAG-tagged adiponectin and CTRPs. Fractions 10-27 were analysed by immunoblot analyses using an anti-FLAG antibody. Arrows with the molecular mass markers of 669, 440, 232 and 158 kDa correspond to the peak elution fraction of molecular standards thyroglobulin, ferritin, catalase and aldolase respectively. FPLC fractions 16-17, 18-19 and 20-23 that correspond to adiponectin trimers, hexamers and HMW oligomers respectively are indicated along the top of the Figure. (B) Gel-filtration analyses of serum derived from an 8-week-old C57BL/6 female mouse. Fractions 10-27 were analysed by immunoblot analyses using CTRP-specific antibodies. (C) A schematic diagram of adiponectin, CTRP1, CTRP3, CTRP5, CTRP6 and CTRP10. The light grey box represents the signal peptide, the dark grey box represents the N-terminal region, the white box represents the collagen domain with the number of Gly-X-Y repeats indicated, and the black box represents the globular C1q domain. Light grey circles represent cysteine residues found within the globular domains. Black circles represent cysteine residues found in the N-terminus. Numbers in the right-hand column refer to the position of the cysteine residues (indicated by black circles) that were mutated to alanine. (D) Gel-filtration analyses of FLAG-tagged adiponectin Cys, CTRP1 Cys, CTRP3 Cys, CTRP5 Cys, CTRP6 Cys and CTRP10 Cys proteins. Fractions 10-27 were analysed by immunoblot analyses using an anti-FLAG antibody. that CTRP1/CTRP6, CTRP2/CTRP7 and adiponectin/CTRP2 associate during their biosyntheses in the endoplasmic reticulum or during their transit through the Golgi compartment prior to secretion. Prolonged mixing of supernatants containing CTRP1-FLAG with CTRP6-HA, CTRP7-FLAG with CTRP2-HA and adiponectin-FLAG with CTRP2-HA overnight did not result in physical association, suggesting that once these proteins are properly folded and secreted, they are stable and do not interchange subunits (results not shown). One possibility is that CTRP1/CTRP6, CTRP2/CTRP7 and adiponectin/CTRP2 associate in a covalent manner involving their N-terminal cysteine residues. Despite the lack of N-terminal cysteine residues (mutated to alanine), adiponectin-FLAG Cys/CTRP2-HA Cys, CTRP2-FLAG Cys/CTRP7-HA Cys and CTRP1-FLAG Cys/CTRP6-HA Cys hetero-oligomeric complexes can be co-immunoprecipitated from the supernatants of co-transfected cells (Figures 8D-8F ). Thus none of the N-terminal cysteine residues are needed for their physical associations.
Adiponectin/CTRP2 and CTRP1/CTRP6 form heterotrimers
A trimer is the basic structural unit of all C1q/TNF family proteins. Since N-terminal cysteine residues are not required for adiponectin/CTRP2 and CTRP1/CTRP6 hetero-oligomerizations, we asked whether they could associate as heterotrimers. We performed gel-filtration analysis on supernatants collected from HEK-293T cells co-transfected with adiponectin-FLAG/CTRP2-HA or CTRP1-FLAG/CTRP6-HA constructs. Aliquots from FPLC fractions 10-27 were analysed by Western blotting. When co-transfected into cells, both secreted adiponectin and CTRP2, as well as CTRP1 and CTRP6 form predominantly trimers ( Figures 9A and 9B , middle and bottom panels). We performed co-immunoprecipitations on FPLC fractions 10-27 to show that adiponectin/CTRP2 and CTRP1/CTRP6 co-immunoprecipitated from fractions 20-25 that contained the trimeric form of these proteins ( Figures 9A and 9B, top panel) , thus confirming that adiponectin/CTRP2 and CTRP1/CTRP6 can indeed form heterotrimers.
In vitro and in vivo activity of recombinant CTRP1
Because CTRP1 transcript levels are up-regulated in mice by the insulin-sensitizing drug rosiglitazone, and because CTRP1 protein levels are increased in the serum of adiponectin-null mice, we focused our initial functional characterization on CTRP1. In differentiated mouse C2C12 myotubes, stimulation with recombinant CTRP1 specifically activated Akt and p44/42-MAPK signalling pathways (Figure 10 ), but not the AMPK, ACC, mTOR or NF-κB pathways (Supplementary Figure S4 at http://www.BiochemJ.org/bj/416/bj4160161add.htm). To determine whether CTRP1 had any metabolic effect in vivo, we injected recombinant CTRP1 at 2 μg/g of body weight into C57BL/6 mice and demonstrated that it significantly lowered their blood glucose levels relative to control mice injected with control buffer (Figures 11A-11C ). Different batches of mice and recombinant CTRP1 were used in multiple separate experiments to show (A-C) FLAG-and HA-tagged adiponectin, CTRP1, CTRP2, CTRP6 and CTRP7 were expressed individually or in combination and the supernatants were subjected to co-immunoprecipitations. For the mixing experiments, individually expressed adiponectin-FLAG and CTRP2-HA, CTRP7-FLAG and CTRP2-HA, and CTRP1-FLAG and CTRP6-HA were mixed for 4 h prior to co-immunoprecipitation with an anti-FLAG affinity gel followed by immunoblotting with an anti-HA antibody (top panels). The middle and bottom panels indicate the presence of FLAG-and HA-tagged input proteins in the supernatants. (D-F) FLAG-and HA-tagged adiponectin, CTRP1, CTRP2, CTRP6 and CTRP7 that lack their N-terminal cysteine residues ( Cys, refer to the schematic diagram in Figure 6C) were expressed individually or in combination, and the supernatants were subjected to co-immunoprecipitations using an anti-FLAG affinity gel followed by immunoblotting with an anti-HA antibody (top panels). The middle and bottom panels are immunoblots that show the presence of FLAG-and HA-tagged input proteins in the supernatants. The molecular mass in kDa is indicated on the left-hand side of each gel. IP, immunoprecipitation; IB, immunoblot. the significant and reproducible glucose-lowering effect upon injection of the protein. The glucose-lowering effect induced by CTRP1 was specific because injection of another closely related protein, CTRP5, into mice had no effect on their glucose levels compared with controls ( Figure 11D ).
DISCUSSION
In the present study, we made several new and important observations concerning the CTRP family of proteins. First, CTRP1, CTRP2, CTRP3, CTRP5 and CTRP7 transcripts are expressed predominantly by adipose tissue. Sex, age, genetic background of mice and PPAR-γ (peroxisome-proliferatoractivated receptor-γ ) agonist treatment all affected the relative levels of some, but not all, CTRP transcripts in adipose tissue. Secondly, all CTRPs are secreted glycoproteins and most of them are found circulating in the serum with levels varying according to the sex and genetic background of mice. Hence, they are potential endocrine hormones. Moreover, serum levels of CTRP1 and CTRP6 are increased in adiponectin-null mice. Thirdly, all CTRPs form trimers and some are further assembled into higher-order oligomeric complexes involving N-terminal cysteine residues. Different oligomeric forms of CTRPs may have distinct biological activities similar to those of adiponectin. Fourthly, we discovered combinatorial associations between different family members and showed that CTRP1/CTRP6, CTRP2/CTRP7 and adiponectin/CTRP2 can be secreted as heterotrimers, thus expanding the possible repertoire of functionally distinct ligands within the C1q/TNF family of proteins. Fifthly, we focused our functional characterization on CTRP1 and demonstrated that in cultured myotubes it specifically activates Akt and p44/42 MAPK signalling pathways. More importantly, when injected into mice, recombinant CTRP1 significantly lowered serum glucose levels compared with controls, thus revealing CTRP1 to be a novel adipokine.
Expression of CTRP transcripts in mice
Adipocytes synthesize and secrete adiponectin. In contrast, CTRP1, CTRP2, CTRP3, CTRP5 and CTRP7 are preferentially produced by adipose stromal cells. Although it includes preadipocytes, the stromal vascular fraction also contains fibroblasts, mature endothelial cells and smooth muscle cells [35] . We believe preadipocytes may be the major source of these CTRP transcripts for two reasons. First, fibroblasts, mature endothelial cells and smooth muscle cells are found in many different types of tissues/organs besides adipose tissue, and yet expression of CTRP1, CTRP2 and CTRP7 is fairly restricted to adipose tissue. In contrast, preadipocytes are found almost exclusively in the adipose tissue. Secondly, using real-time PCR we could detect the presence of CTRP1, CTRP2, CTRP3, CTRP5 and CTRP7 transcripts in 3T3-L1 preadipocytes; their mRNA levels were unchanged, decreased or showed no sustained up-regulation over the course of adipocyte differentiation in culture (results not shown). It has been reported that CTRP3/CORS26 is induced in differentiated 3T3-L1 adipocytes, but not in preadipocytes, and its mRNA can be detected in the synovial adipocytes of the knee by in situ hybridization [36] . Since there are different types and anatomically distinct adipose depots [37] , it is conceivable that expression of CTRP transcripts may differ in these depots. Therefore we also cannot rule out the possibility that other stromal cells beside preadipocytes may express CTRP transcripts.
PPAR-γ agonists of the TZDs class of compound have been used widely to treat patients with Type 2 diabetes [38] . TZDs enhance whole-body insulin sensitivity by increasing glucose disposal in muscles and suppressing hepatic glucose production [38] . Although the molecular mechanism of TZD action is not completely understood, its beneficial effect in ameliorating hyperglycaemia is due in part to its ability to up-regulate adiponectin gene expression and protein secretion by the adipose tissue [39] . In the absence of adiponectin, the ability of TZDs to improve glucose tolerance and insulin sensitivity is significantly blunted [40, 41] . Depending on the dose of TZDs used, there seemed to be an adiponectin-dependent mechanism operating in the liver and adiponectin-independent mechanism operating in the muscle by which TZD exerts its metabolic effects [41] . In the present study, we showed that a 3 week treatment with rosiglitazone at a dose of 15 mg/kg significantly up-regulated both adiponectin and CTRP1, whereas it down-regulated CTRP6 transcripts levels in adipose tissue of ob/ob mice. It remains to be determined whether the adiponectin-independent mechanism of TZD actions reported by Kubota et al. [41] is due to its ability to up-regulate CTRP1 and/or down-regulate CTRP6. Metformin, another widely used anti-diabetic drug, exerts its glucoselowering effects in vivo by reducing hepatic gluconeogenesis [42] . The molecular basis of metformin action in liver is not known. However, chronic treatment of diabetic (db/db) mice with metformin has no effect on serum levels of adiponectin or its mRNA levels in adipose tissue despite significant improvement in body weight, glucose and lipid profiles [43] . Therefore it remains to be determined whether metformin exerts its metabolic actions through any of the CTRPs independent of adiponectin.
Sex and genetic background of mice influence serum levels of CTRPs
Sex and genetic background confer variable degrees of susceptibility to developing obesity, insulin resistance and Type 2 diabetes in humans [44, 45] . In various mouse models of obesity and diabetes, the genetic background plays a significant role in dictating the severity of the disease [26, 27] . Presumably, genotypes influence the levels of various metabolic hormones and signalling pathways that in turn dictate the severity of metabolic dysfunction in conditions of obesity and diabetes. Interestingly, we found that the serum levels of adiponectin, CTRP1, CTRP2, CTRP3, CTRP5 and CTRP6 vary significantly in mice derived from six different genetic backgrounds; most of these strains were chosen for their varying degree of susceptibility or resistance to diet-induced obesity and diabetes [26] . For example, diabetesprone DBA/2 mice have the lowest levels of adiponectin, whereas BALB/c and AKR mice have barely detectable CTRP2 in their serum. Interestingly, 129SvJ mice that are resistance to dietinduced obesity and diabetes relative to other strains of mice, also have correspondingly higher serum levels of adiponectin and some of the CTRPs.
Oligomeric structures of CTRPs
Adiponectin exists in three multimeric forms with distinct biological activities, representing a unique way to control signalling pathways in cells and tissue [28] . Although trimers and hexamers activate AMPK in muscle to increase glucose uptake, glycogen deposition and fatty acid oxidation, HMW oligomers preferentially exert its effects in liver to reduce glucose output [46, 47] . In contrast with the three oligomeric forms of adiponectin, CTRP1 and CTRP2 are secreted primarily as trimers in transfected HEK-293T cells. Consistent with this, CTRP2 in mouse serum also exists predominantly as trimers. Although CTRP3 is secreted as trimers and presumably hexamers and HMW oligomers in transfected cells, it exists predominantly in an HMW oligomeric form in mouse serum, suggesting that its assembly in vivo is regulated differently or that it binds to other serum proteins. Similarly, although CTRP5 is secreted in three multimeric forms in transfected HEK-293T cells, it exists predominantly as trimers in the mouse serum, again suggesting that its assembly is tightly regulated in vivo. Factors such as exercise and TZD treatment that affect the metabolic states of obese and diabetic humans result in changes in the proportion of oligomeric forms of circulating serum adiponectin [47] . The ratio of HMW oligomers to trimers has been previously proposed to serve as an index of insulin sensitivity [47] . It remains to be determined whether different metabolic or disease states affect the distributions of CTRP oligomeric forms in serum and whether different oligomeric forms of these proteins have distinct biological activities.
Combinatorial associations between different CTRPs
Hetero-oligomer formations have been documented for several members of the C1q/TNF family of proteins. These include complement C1q (consisting of A-, B-and C-chains forming a hexamer of trimers) [32] , chipmunk hibernation proteins (consisting of HP20, HP25 and HP27 heterotrimers) [34, 48] , and cerebellins (consisting of homo-oligomers or Cbln-1/Cbln-3 or Cbln-3/Cbln-4 hetero-oligomers) [33] . In the present study, we observed robust and consistent interactions between secreted CTRP1/CTRP6, CTRP2/CTRP7, CTRP2/adiponectin and CTRP9/adiponectin. These associations are not random. Sequence and phylogenetic analysis suggest that CTRP1 is most closely related to CTRP6, CTRP2 is most closely related to CTRP7, and CTRP2 and CTRP9 are most closely related to adiponectin (results not shown). Because these proteins form heterotrimers, amino acids that lie at the interface between three protomer subunits must be able to interact appropriately to allow trimerization. Consistent with our results, C1q/TNF family proteins that are more distantly related to each other in protein sequences were not able to form heterotrimers. The combinatorial associations we uncovered between closely related CTRPs may represent a mechanism to generate functionally distinct ligands that can potentially interact with different cell-surface receptors to activate distinct signalling pathways in different cell types.
Although CTRP2/adiponectin and CTRP1/CTRP6 can form heterotrimers, the stoichiometry of adiponectin to CTRP2 and CTRP1 to CTRP6 in the heterotrimeric complexes remains to be determined. All of the proteins with Gly-X-Y repeats form characteristic triple helical structures [49] . Both CTRP1 and CTRP6 have 14 Gly-X-Y repeats, whereas CTRP2 and CTRP7 have 34 Gly-X-Y repeats in their collagen domains. Thus the equal numbers of Gly-X-Y repeats may facilitate the formation of CTRP1/CTRP6 and CTRP2/CTRP7 heterotrimers. In contrast, adiponectin has 22 Gly-X-Y repeats, whereas CTRP2 has 34 Gly-X-Y repeats in their collagen domain respectively. Proteins with unequal numbers of Gly-X-Y repeats and/or 'interrupting amino acids' within the Gly-X-Y repeats have been shown to form heterotrimers in vivo. Examples include mouse complement C1q (heterotrimer composed of A-, B-and C-chains) [32] , chipmunk hibernating proteins (heterotrimers composed of HP20, HP25 and HP27) [34] , and the ubiquitous type VI collagen in connective tissues (heterotrimers composed of α1, α2 and α3 subunits) [50, 51] . Thus CTRP2/adiponectin is another example of a heterotrimer composed of proteins with an unequal length of collagen domain.
Metabolic function of CTRP1
Several adiponectin-null mouse lines have recently been generated to address and confirm the in vivo metabolic function of adiponectin [21] [22] [23] . In all cases, the adiponectin-null mice show mild to no metabolic abnormalities when maintained on a normal chow diet. This raises the interesting possibility that other secreted protein(s) may partially be able to compensate for the loss of serum adiponectin in mice under this condition. Like adiponectin, CTRP1 transcript levels are up-regulated in mice treated with a PPAR-γ agonist, rosiglitazone. Additionally, serum levels of CTRP1 are increased in adiponectin-null mice. Moreover, injection of recombinant CTRP1 into mice significantly lowered their serum glucose levels compared with control mice. Taken together, these findings suggest that CTRP1 may represent one of the serum factors produced by adipose tissue that share overlapping functions with adiponectin. It remains to be determined whether liver, muscle or other organs are the natural target tissues where CTRP1 exerts its action. In differentiated mouse C2C12 myotubes, recombinant CTRP1 specifically activates Akt and p44/42 MAPK signalling pathways. Activation of Akt has been shown by many groups to enhance glucose uptake in muscle due to increased trafficking of GLUT4 (glucose transporter 4) to the plasma membrane [52] . This result suggests that CTRP1 may act on muscle among other target tissues to exert its metabolic effects.
In summary, we have provided a detailed molecular, biochemical and initial functional analysis of the CTRP family of proteins. This information will lay the groundwork to further explore their physiological functions and mechanisms of action in both normal and disease states using molecular, cellular and in vivo approaches. In the light of the diagnostic utility of adiponectin as a serum marker for a wide variety of diseases, the CTRP family of serum glycoproteins may also have diagnostic values beyond their normal physiological functions. Supernatants containing C-terminal HA-tagged adiponectin, CTRP1, CTRP2, CTRP3, CTRP5, CTRP6 and CTRP10 were analysed by SDS/PAGE using antibodies specific to adiponectin, CTRP1, CTRP2, CTRP3, CTRP5, CTRP6 or CTRP10 (see the Materials and methods section of the main paper). The bottom panel was probed with an anti-HA antibody to show the presence of CTRPs in the supernatants. Molecular-mass markers are shown on the right-hand side of each blot (sizes in kDa).
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Figure S3 Formation of hetero-oligomers between different CTRPs
(A and C) FLAG-and HA-tagged adiponectin and CTRPs were co-expressed in different combinations and the supernatants were subjected to co-immunoprecipitations using an anti-FLAG affinity gel and immunoblotted with an anti-HA antibody (top panel). The middle and bottom panels indicate the presence of FLAG-and HA-tagged input proteins in the supernatants. The molecular mass in kDa is indicated on the left-hand side of each blot. IP, immunoprecipitation; IB, immunoblot. 
